The cystatins are a superfamily of proteins that inhibit the lysosomal cysteine proteinases, cathepsins B, H, and L. Members of this superfamily have been found in all tissues and biological fluids analyzed. Previous studies have shown that chicken cystatin mRNA is abundant in brain tissue. In this study, a defiitive localization of chicken cystatin mRNA in chicken brain was determined by in situ hybridization. Chicken cystatin mRNA was heavily concpnpated in the secretory epithelial cells of the choroid plexus. The rest of the brain failed to show a hybridization signal above that of the
In troduction
The cystatins are a superfamily of proteins that inhibit papain-like cysteine proteinases and are widely distributed in tissues and biological fluids. A member of this superfamily, chicken cystatin, was originally isolated from egg white, in which it makes up 0.05% of the total egg white protein (2, 19) . The cDNA and the gene for chicken cystatin have been isolated, and sequence analysis demonstrates coding sequences for a signal peptide, indicating that chicken cystatin is a secreted protein (8,9). Northern analysis of chicken cystatin mRNA showed that the brain had the second highest cystatin mRNA levels of all tissues analyzed (9). In humans, the concentration of cystatin C (also known as y-trace) in the cerebrospinal fluid (CSF) is much higher than that in the blood (13). Human and rat cystatin C are similar in structure and function to chicken cystatin (17).
The CSF provides the proper environment for the growth and function of the brain. Because a major function of cystatins is the regulation of proteinases released into the extracellular environment, the presence of cystatin C in the CSF may be indicative of its role in maintaining the integrity of the brain. Cystatin C has been shown to be produced by the choroid plexus of rats, cows, rabbis, and chickens (7, [23] [24] [25] . Cystatin has also been demonstrated immunocytochemically in human hypothalamus (4) and in astrocytes (25, 26 control sense strand probe, even after long exposures. We condude that chicken cystatin is synthesized predominantly by the specialized secretory epithelial cells of the choroid pleaus and secreted into the cerebrospinal fluid (CSF). We postulate that chicken cystatin functions to regulate proteinase activity in the CSF and therefore may function as a protective factor for the cellular elements of the central netyous system. (JIf~3ochem Cytochem &:1487 Cytochem &: -1491 Cytochem &: ,1994 KEY WORDS: Chicken cystatin; Chicken brain; Cystatin cDNA; Cysteine proteinase inhibitor; In situ hybridization; cRNA probes. synthesis of the cystatin protein in the chicken brain via localization of the cystatin mRNA by in situ hybridization.
Materials and Methods
Matcrials. All restriction enzymes were purchased from Gibco BRL (Gaithersburg, MD). The pGEM 3 2 vector and the In Vitro Transcription System were purchased from Promega (Madison, WI). ["SI-UTP (1300 Ci/mmol) was obtained from DupontlNEN (Wilmington, DE). All other reagents were purchased from Fisher (Cincinnati, OH).
Synthesis 0fcRNA
Probes. A 204 nt Eco RI/Pst I chicken cystatin cDNA fragment was subcloned into the Eco RIlPst I site of the vector pGEM 3Z *). The cDNA fragment contains coding sequences for chicken cystatin's amino acids 1-25, the signal peptide, and the 5' untranslated region (9). Anti-sense cRNA probes were synthesized using SP6 polymerase after linearization of the plasmid with Eco RI. Sense strand cRNA probes (used as negative controls) were synthesized using T7 polymerase after linearization of the vector with Hind 111. The probes were synthesized using the In Vitro Transcription System and [35S]-UTP according to the manufacturer's specifications. The specific activity of the cRNA probes was usually 1 x lo6 cpm/Clg. Preparation of T h e . White Leghorn chickens (6-8 days old) were prepared by intracardiac perfusion with 4% paraformaldehyde in PBS. The brains were removed and fixed in 4% paraformaldehyde in PBS at 4°C overnight. The tissue was cryoprotected in 30% sucrose in PBS and stored at -70°C until used.
Coronal sections (14 pm) were cut. beginning from the base ofthe brain, and placed on Probe-On-Plus slides (Fisher) previously subbed in 3 x SSC/1 x Denhardt's solution (1 x SSC is 150 mM NaCI, 15 mM Na-citrate; 50 x Denhardt's is 1% Ficoll, 1% polyvinylpyrrolidone, 1% BSA). All solutions and slides were treated by standard procedures to eliminate RNAse contamination (18). The slides were stored at -70'C until used. Figure 1 . Low magnification of frontal lobe of chicken brain hybridized to chicken cystatin antisense and sense strand cRNA probes. At left is shown the autoradiographs and at right a reversed image of the toluidine blue-stained tissue sections used for hybridization. Cystatin mRNA is evident in the choroid plexus of brain sections hybridized to the anti-sense probe. The choroid plexus is indicated by arrows in the stained tissue sections. Signals are absent in other areas of the brain and in brain sections hybridized to the control sense strand cRNA probes. Bar = 1 mm.
Anti sense 3ense
In situ Hybridization. Slide-mounted tissue was fixed in 4% formal-dehydelPBS. Sections were treated for 8 min with 100 pglml proteinase K at room temperature. followed by dehydration in increasing conccntrations of ethanol. The sections were pre-hybridized for 2 hr at 42°C in 50% formamide. 5 x PIPES, 5 x Denhardt's, 0.2% SDS, 40 mM m, 250 pglml salmon sperm DNA. and 250 pglml yeast tRNA. Hybridization of cRNA probes to tissue sections was at 42'C overnight in fresh hybridization solution containing 10' cpm probe per slide. The Microprobe System (Fisher) was used for all dehydrations and hybridization procedures. Consecutive brain sections were hybridized to sense and anti-sense strand cRNA probes.
After hybridization, slides were washed in 4 x SSC for 10 min at 40'C. Single-stranded RNA was digested with 20 pglul RNAse A in 0.5 M NaCI, 10 mM Xis-HC1, pH 7.5. 1 mM E M A buffer for 30 min at 37'C. The slides were washed in 2 x SSC at 50'C for 1 hr with four changes of solution, followed by two washes in 0.1 x SSC at 37'C. The slides were air-dried and apposed to 24 x 60" coverslips which had been previously coated with Kodak NTB-2 emulsion. The slide assembly was stored at 4'C for 5 days or 2 weeks for autoradiography. The emulsion-coated coverslips were dcveloped in D19 (4 min) and Kodak Fixer ( 5 min). The tissue sections were stained with toluidine blue. Figure 1 shows the results of in situ hybridization with anti-sense and sense strand probes to chicken cystatin mRNA in a representative section from the forebrain of a 6-day-old chicken. Only the choroid plexus in the lateral ventricle showed an intense hybridization signal to the anti-sense probe. There was no signal above the control (sense strand) probe throughout the rest of the tissue section. Similar results were found in sections through the rest of the brain, including the cerebellum, brainstem, optic tectum, and diencephalon. Throughout the brain, the choroid plexus reliably showed an intense signal, whereas the rest of the brain did not show a signal above that of the control even &er long (2-week) exposure times.
Results
Higher-power inspection revealed a marked degree of specificity in the localization of cystatin mRNA to the choroid plexus. As shown on the left side of Figure 2 , hybridization was limited to the cells of the choroid plexus and was not found in the ependymal cells lining the ventricle. As shown on the right side of Figures 2, within the choroid plexus hybridization was restricted to the secretory epithelial cells along the outer surface, and there was little signal on the internal endothelial cells.
Discussion
Chicken cystatin was originally described in egg white (19) and was one of the first cysteine proteinase inhibitors to be identified and characterized (2) . Isolation of its cDNA revealed the presence of coding sequences for a signal peptide, indicating that chicken cystatin is a secreted protein (9). Coding sequences for a signal peptide are also present in human cystatin C cDNA (1). Chicken cystatin and mammalian cystatin C resemble each other in amino acid sequence, structure, and inhibitory function, and belong to the same subfamily of the cystatin superfamily (17). We have shown that chicken cystatin mRNA is found predominantly in the specialized epithelial cells of the choroid plexus that secrete the CSF and act as a major blood-CSF barrier. It was not detected in the ependymal cells that line the ventricles and are continuous with the cells of the choroid plexus. This is in agreement with the findings of Tu et al. (24) , who did not detect cystatin mRNA by Northem analysis in chicken brain from which the choroid plexus had been removed.
In other species, cystatin C &A was demonstrated predominantly in the choroid plexus (7, [23] [24] [25] adding to the evidence that chicken cystatin is the avian analogue of mammalian cystatin c (17).
However, cystatin C mRNA expression was also demonstrated in the neocortex, hippocampus, hypothalamus, and cerebellum of rat brain by PCR analysis (25) and in Northern analysis of RNA extracted from whole brain minus the choroid plexus of rabbits, dogs, and pigs (24). We did not detect cystatin mRNA in the cerebellum, optic tectum, diencephalon, and brainstem of the chicken. Tu et al. (24) suggested that the expression of the cystatin C gene evolved first in the choroid plexus, with additional sites of synthesis appearing later in evolution in mammalian species. Therefore, we conclude that in the chicken, cystatin is produced predominantly by the epithelial cells of the choroid plexus. However, it is possible that other areas of the chicken brain may produce cystatin mRNA at levels undetected by in situ hybridization analysis.
It is interesting to speculate on the function of cystatin in the CSF. The concentration of cystatin C in the extracellular fluids, together with its inhibition constant, suggests that its major role is regulation of cysteine proteinases released into the extracellular environment (3). Bollengier (6) found reduced cystatin C levels in the CSF of patients suffering from multiple sclerosis and postulated that this lack of regulation may contribute to the demyelination that occurs in the CNS. However, George et al. (10) did not find reduced cystatin C levels in the CSF of patients with multiple sclerosis. TGFP, which is released by platelets in response to injury, induces cystatin C gene expression in mouse cells that resemble astrocytes (20). The presence of cystatin C in injured tissue may protect the tissue from the activity of proteinases released by dying cells.
The cystatins may also provide protection against cysteine proteinase activity of invading organisms, such as bacteria and viruses. A synthetic peptide corresponding to the active site of cystatin C was shown to inhibit the growth of group A streptococcal strains ( 5 ) , and chicken cystatin inhibited the replication of a number of viruses (15).
Aside from their role as cysteine proteinase inhibitors, the cystatins may also play a role in cell growth and differentiation. In the mouse and chick, cystatin C mRNA levels increased in parallel with the growth of the brain (23, 24) . Chicken cystatin and rat cystatin C were found to act as mitogens to 3T3 fibroblasts (21) and kidney mesangial cells (22) , respectively. Continued treatment of PC12 cells with cystatin has been reported to induce neuritogenesis (12). Whether these effects are due to an inhibition of proteolysis is not known.
Since cystatins are present in extracellular body fluids that provide a nutritive as well as a protective role for cells [i.e., saliva (14), CSF (11,13), egg white (2), and semen (16)], further studies on their synthesis, function, and metabolism are warranted.
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